[1] We reconstructed paleoclimate patterns from oxygen and carbon isotope records from the fossil estuarine benthic foraminifera Elphidium and Mg/Ca ratios from the ostracode Loxoconcha from sediment cores from Chesapeake Bay to examine the Holocene evolution of North Atlantic Oscillation (NAO)-type climate variability. Precipitation-driven river discharge and regional temperature variability are the primary influences on Chesapeake Bay salinity and water temperature, respectively. We first calibrated modern d
Introduction
[2] The patterns and causes of submillennial-scale Holocene climate variability, the context for understanding twentieth century climate, are still only partially understood. In the tropics, evidence from paleoclimate reconstructions of El Niño -Southern Oscillation (ENSO) suggests increasing frequency and amplitude of ENSO variability during the late Holocene, which some authors attribute to changes in solar insolation [Clement et al., 2000; Rodbell et al., 1999; Sandweiss et al., 2001; Riedinger et al., 2002; Gomez et al., 2004] . In extratropical regions, the long-term evolution of the North Atlantic Oscillation (NAO), the primary mode of climate variability in the North Atlantic region is not so clear [Hurrell, 1995; Hurrell et al., 2003] . The NAO is defined as a north-to-south oscillation of atmospheric mass centered on the Azores high-pressure and Icelandic lowpressure systems. During the positive (negative) phase of the NAO, there is an increased (decreased) pressure gradient between the Azores and Icelandic systems, causing warmer (cooler) and wetter (drier) mean winter conditions in Europe and the eastern United States (Figure 1 ). Although interannual NAO variability observed in instrumental records shows no distinct periodicity, and may be driven by stochastic internal atmospheric processes [Wunsch, 1999; Czaja et al., 2003] , atmospheric, oceanic, and modeling studies suggest that multidecadal patterns ($60-70 years) might characterize the NAO [Schlesinger and Ramankutty, 1994; Dickson et al., 1996; Delworth and Mann, 2000] . Late Holocene paleorecords of NAO-type variability from tree rings, ice cores, sediments and molluscan isotopes, some combined with instrumental data, provide strong evidence for multidecadal climate variability in the North Atlantic region [Cook et al., 1998 [Cook et al., , 2002 Cook, 2003; Appenzeller et al., 1998; Cullen et al., 2001; Luterbacher et al., 2004; Kirby et al., 2002; Schöne et al., 2003; . However most paleorecords of NAO variability extend back only a few centuries, and no clear picture of multidecadal variability during the early Holocene has emerged. Here we present oxygen and carbon isotope and magnesium/calcium (Mg/Ca) records from calcareous microfossils obtained from high sedimentation rate estuarine sediments from Chesapeake Bay to compare NAO-like precipitation and temperature changes during the early (7.1 -5.9 ka) and late (2.2 ka -present) Holocene along the eastern United States. We also discuss these results in terms of broader patterns of Holocene climate in the North Atlantic region.
Modern Climatology, Hydrology, and Estuarine Processes
[3] Estuaries represent an untapped source of highresolution paleoclimate records because of their high sedimentation rates, which range from 0.1 to >1 cm yr À1 in Chesapeake Bay, and their sensitivity to decadal to centennial changes in precipitation, river discharge, and estuarine salinity. Chesapeake Bay, the largest estuary in the United States, is located in the Mid-Atlantic region of North America and experiences seasonal, interannual and low-frequency salinity variability controlled by freshwater discharge from its major tributaries ( Figure 2) . As a partially mixed estuary, density-driven circulation processes caused by the mixing of inflowing fresh water in the north and marine water in the south generally dominate over the influence of wind, tides and topography over interannual and decadal timescales [Boicourt et al., 1999] . Density-driven circulation dominates especially during winter season in the northern bay where the Susquehanna River, the dominant source of fresh water in the bays northern watershed, discharges more than 50% of the total freshwater input into the bay, $300 km from the marine source at the bay mouth [Schubel and Pritchard, 1986] . [4] The relationships between modern bay salinity, freshwater discharge, precipitation, and atmospheric indices of the NAO and ENSO have been well established and are summarized as follows. Yarnal and Leathers [1988] showed that Susquehanna River discharge is critically sensitive to jetstream flow and regional precipitation. Precipitation and river discharge are dependent on the position of the atmospheric trough in the eastern United States, which oscillates over various timescales between meridional and zonal flow. Najjar [1999] developed a water balance model for the Susquehanna River Basin and showed that Susquehanna streamflow and regional precipitation are highly correlated (r 2 = 0.89) based on instrumental records covering the twentieth century. Gibson and Najjar [2000] then developed an autoregressive model to examine the relationship between Susquehanna River discharge and bay salinity. Depending on the location in the bay, the model captures up to 93% of the salinity variability when forced by Susquehanna River discharge. The Gibson/Najjar model predicts that a 32% increase in annual discharge would lead to a 55 km recession of isohalines in the middle bay. Salinity variability on this scale exceeds that observed over seasonal timescales (i.e., Figure 2 ) but is very similar to the magnitude of Holocene salinity changes reconstructed from the isotope records discussed below.
[5] A link between estuarine circulation, salinity, and NAO forcing of regional climatology of the eastern United States also has been demonstrated. Spatial data sets of the entire North Atlantic show that relatively warm and wet conditions existed off the eastern North America during the positive phase of NAO [Hurrell, 1995; Kapala et al., 1998 ]. Vega et al. [1998] examined regional climatology and showed that the NAO dominates interdecadal precipitation in the northern parts of the bay's watershed. Vega et al. [1999] then showed that density-driven circulation and salinity in Chesapeake Bay are governed by low-frequency (decadal) atmospheric processes associated with the NAO through their influence on regional precipitation and discharge. In brief, these studies show that the positive (negative) phase of NAO is characterized by more zonal (meridional) flow, greater (less) storm frequency, and below (above) average salinity.
[6] Although the NAO is a primary influence on the climatology of the region, the influence of ENSO in the mid-Atlantic region must also be considered a factor in regional climatology. Several studies suggested at least a modest teleconnection between SOI and east coast precipitation [Ropelewski and Halpert, 1986; Montroy, 1997] , and Vega et al. [1999] reported that increased Chesapeake Bay surface salinity corresponds with the negative phase of the SOI suggesting a potential influence of ENSO during the Holocene.
[7] Water temperature in Chesapeake Bay is influenced by inflowing oceanic source water flowing south-southwest on the adjacent continental shelf, modified by atmospheric temperatures in the mid-Atlantic region. Bay water winter and summer temperature extremes ($1°-2°and 25°-26°C, respectively) are greater than those on the shelf, but a strong positive correlation between seasonal and interannual bay and oceanic temperatures exists for the last 20 years of monitoring data (see below).
[8] In sum, salinity and temperature changes preserved in the bay's sedimentary record should provide an opportunity to examine long-term precipitation-related proxies in a region sensitive to the NAO, and perhaps also ENSO.
Material and Methods
[9] A thick sequence of Holocene estuarine sediments has been deposited in the main channel of Chesapeake Bay since the final phase of postglacial sea level rise occurred about 8 ka [Colman and Mixon, 1988; Vogt et al., 2000; Bratton et al., 2003a] . We obtained short (4 -5 m) piston cores from the main stem of the central and northern bay in 1996 -1998 and Pocomoke Sound in the southern bay region in 2001 during cruises of the R/V Kerhin [Kerhin et al., 1998; Baucom et al., 2001; Cronin, 2004] . These cores were supplemented with long Calypso piston cores (17 -20 m) taken on the R/V Marion-Dufresne as part of the 1999 IMAGES cruise in the North Atlantic [Cronin, 2000] . Core locations include sites in the northern, central and southern regions of the bay representing modern mesohaline and polyhaline salinity regimes ( Figure 2 and Table 1 ).
Chronology
[10] Our chronology is based on a combination of 210 Pb and 137 Cs dating of twentieth century sediments, pollen stratigraphy tied to colonial land use changes , and radiocarbon dating of estuarine mollusks and foraminifers Colman et al., 2002] . The previously published radiocarbon dates from these papers and new dates from the Pocomoke Sound region are given in Table 1 . All radiocarbon dates were calibrated to calendar years using the Stuiver et al. [1998] CALIB program with a standard 400-year marine correction. No correction for a regional carbon anomaly (DR) was applied because 14 C dates on oyster shells collected in the nineteenth and early twentieth centuries yielded a mean age of about 400 years, similar to the correction for marine reservoir effect [Colman et al., 2002] . In addition, sediments from the uppermost 50 to 300 cm of Chesapeake Bay were deposited during the colonial period $A.D. 1750 -1900 and can easily be identified by the rising abundances of ragweed (Ambrosia) and grass (Poaceae) pollen, which serve as stratigraphic indicators of anthropogenic land clearance [Brush, 1984; Willard et al., 2003] . Radiocarbon dates of the bivalve Mulinia lateralis shells from peak Ambrosia horizons (A.D. 1880 -1910) yield uncorrected 14 C ages averaging 461 years [Willard et al., 2005] . The expected age of these shells based on the tree ring chronology of Stuiver et al. [1998] would be $86 years. Thus a mean total reservoir effect for Chesapeake Bay Mulinia is about 375 years, very close to the standard marine correction of 400 years. We assume there were no changes in the local reservoir effect during the last 7500 years.
[11] One short piston core and one Calypso core from a site in the north central bay, RD-98 and MD99-2209 (RD/ 2209 henceforth) , provided the most detailed Holocene Between 800 and 900 cm, there is a condensed zone and/or unconformity representing low sedimentation and possible erosion between $2200 and 5900 cal years B.P. The interval from 900 to 1720 cm is dated at 5900 -7200 14 C cal years B.P. representing a mean accumulation rate of $0.6 cm yr À1 during a time often referred to as the early Holocene thermal maximum. In order to examine decadal variability, we focused on isotopic and Mg/Ca variability in the 1400-to 1620-cm interval, which was deposited over about a 400-year period.
Stable Isotopes
[12] For stable isotopic analyses, we analyzed between 5 -10 specimens of the benthic foraminifera Elphidium selseyense from the >150 micron size fraction from samples taken at 2-cm intervals in the cores. E. selseyense is the dominant benthic species in Chesapeake Bay living in the main channel at salinities between about 10 to 25 ppt [Ellison and Nichols, 1976; Karlsen et al., 2000] , a range that encompasses estimated Holocene paleosalinity extremes. In general, foraminifers are extremely well preserved in sediments from Pocomoke Sound, most showing no visible signs of postmortem physical or chemical alteration. Isotopic analyses of the foraminifera were made at the University of South Carolina stable isotope laboratory on a VG Optima stable isotope ratio mass spectrometer (IRMS) equipped with an Isocarb single acid bath carbonate preparation system which permits automated runs of 40 samples. All isotope data are presented in notation relative to Vienna Peedee belemnite (VPDB) via our working standard, NBS-19. Replicate analyses of this standard yielded an analytical precision of ±0.08%.
[13] To obtain a calibration between oxygen isotope composition and estuarine salinity, water samples were collected along a salinity gradient in the Potomac River and Chesapeake Bay during 1999 and 2000.
1 Water samples from the Potomac River were taken by hand mainly in mesohaline salinities; samples from the polyhaline region of the bay were taken on board the R/V Holten and Discovery. The oxygen isotope composition of the water was measured at the U.S. Geology Survey (USGS) laboratory in Reston, Virginia. The d
18 O values were determined by equilibration with CO 2 using an automated water equilibrator attached to a Finnigan MAT 251 stable isotope ratio mass spectrometer. The isotope data are reported relative to Vienna standard mean ocean water (VSMOW). Replicate analyses of reference waters yielded an analytical precision of ±0.1% (1s).
Mg/Ca Ratios
[14] We used Mg/Ca ratios of the estuarine ostracode Loxoconcha to estimate past water temperatures and to correct oxygen isotope values for temperature. For the late [Khim and Krantz, 1996] . The freshwater samples in Figure 4a exhibit a wide range of d
18
O values as would be expected from the influence of short-term temporal and spatial variability in precipitation throughout the watershed region where the average d 18 O precipitation varies in the À9 to À7% range [Rosanski et al., 1993] . The salinity-
O water relationship for mesohaline and polyhaline regions ($5 to 30 ppt, Figure 4 ) can be expressed by the regression equation:
The d 18 O water gradient is similar to that found by Ingram et al. [1996] for San Francisco Bay, encompasses the modern and paleosalinity range at our core sites, and excludes values from the highly variable freshwater end-members not pertinent to the current study.
Mg/Ca Ratios and Paleotemperature
[17] The oxygen isotopic composition of benthic foraminiferal calcite (CaCO 3 ) is influenced by several factors, including water temperature and the isotopic composition of the associated water. The isotopic composition of water in the Chesapeake depends upon the relative proportions of fresh water and ocean water at any given site, and the factors that influence their isotopic compositions. Factors Figure 3 . Summary of proxies used to calculate paleosalinity in Chesapeake Bay from oxygen isotopes of Holocene foraminiferal calcite and ostracode Mg/Ca temperature estimates. affecting freshwater compositions were discussed above. An important factor contributing to the isotopic composition of ocean through geologic time is the global ice volume. Thomas et al. [2000] showed that the d
18
O foram values of Elphidium collected from Long Island Sound increase with increasing salinity. In order to correct Chesapeake Holocene d
O foram for past temperature changes, we used ostracode Mg/Ca ratios to estimate paleotemperature in paired ostracode-foraminiferal samples from RD/2209. Mg/Ca ratios in ostracodes are influenced by the temperature and the Mg/Ca ratio (Mg/Ca water ) of the water in which the shell is secreted [e.g., Dwyer et al., 2002, and references therein] . Because of the well-mixed nature of magnesium and calcium in seawater and their significantly higher concentration relative to freshwater inflow to the bay, we assume that Mg/Ca water remains constant (at the seawater value) and therefore has negligible influence on ostracode Mg/Ca ratios at the timescales and salinities relevant to this study. We used the Mg/ Ca-temperature regression model for the estuarine ostracode Loxoconcha developed for Chesapeake Bay by Cronin et al.
[2003] based on modern specimens collected from a range of water temperatures $10°-26°C (Figure 4b ). This relationship is expressed as Ostracodes grow in 8 or 9 discrete molt stages and studies of the seasonal ecology of Loxoconcha matagordensis [Vann et al., 2004; Cronin et al., 2005] indicate that most adults secrete their shells during spring and summer seasons and thus the paleotemperature record is mainly a warm season record. Other temperate species of Loxoconcha have similar seasonal ecology and grow adult shells during spring and/or summer. Available ecological data on Elphidium from Chesapeake Bay suggests that most shell growth also occurs during spring and summer [Buzas, 1969; M. Buzas, personal communication 2003] . Thus, to a first approximation, the isotopic and Mg/Ca ratios of paired down core Elphidium and Loxoconcha represent similar warm season conditions.
Vital Effects
[19] Another factor to consider when using oxygen isotopes of foraminifera for paleosalinity reconstructions is that different taxa secrete their shells in isotopic disequilibrium with the ambient water. Grossman [1987] surveyed a large number of foraminiferal genera and suggested such a ''vital effect'' offset for Elphidium of 0.8%. An offset of about 1.1% has also been observed for Long Island Sound Elphidium by E. Thomas (personal communication, 2003) . Applying corrections of 0.8% and 1.1% to estimated d
18
O baywater derived from Holocene Chesapeake Elphidium, we found that the higher value of 1.1% results in mean salinity estimates $7.5% lower than those from the 0.8% correction (mean salinity = 20.7 versus 22.3 ppt). This source of error affects the absolute paleosalinity estimates but does not appreciably change the interpretation of largescale isotopic excursions during the Holocene. Paleosalinity reconstructions given below use the 0.8% vital effect offset pending further study of Elphidium ecology, ontogeny, and shell chemistry.
Verification
[20] We used the instrumental record of Susquehanna River discharge for the period 1900-1990 as a means to verify down core d
18
O foram patterns as estimates of paleosalinity (Figure 5a ). Najjar [1999] has shown that discharge is positively correlated with regional precipitation for the period 1900 -1987 and Austin [2004 showed that Chesapeake Bay salinity responds synchronously to streamflow. The d
18 O foram record shows that, with some exceptions, major decadal changes in discharge are manifested in isotopic excursions at all four core sites along a north-south a transect along the bay axis. The contrast between low discharge/high d 18 O water values during the dry 1960s and high discharge/low 18 O water during the wet 1970s is the most evident climatic event during the period of record. In fact, this shift coincides with the unprecedented shift toward positive NAO conditions beginning in the late 1960s [Hurrell et al., 2003] . Our results suggest that the oxygen isotopic record captures discharge-driven mixing of marine and freshwater in the mesohaline and polyhaline region of the bay and that decadal salinity variability is most likely baywide and synchronous within the limits of the core age models. They also show that d 18 O records from estuaries can provide an isotope stratigraphy that can be used to correlate sediments within the bay and, at least potentially, among different coastal bays and estuaries influenced by the same regional precipitation.
[21] As a means to crosscheck the Mg/Ca paleothermometry model, the down core Mg/Ca temperature anomalies from the upper 200 cm of RD/2209 were compared with spring oceanic temperatures from the Comprehensive Ocean-Atmosphere Data Set (COADS) from the region off the mouth of Chesapeake Bay (75.7-76.5°W; 36.5-37.5°N, Figure 5b ). Interannual temperature variability recorded in COADs and Chesapeake Bay monitoring records over the past 20 years show strong visual correspondence to one another . Allowing for age uncertainty in the sediment record of $±5 years due to mixing, there is a good match between the COADs and reconstructed temperatures, especially for the relatively warm 1940 -1950s and the cold 1960s to the warmer 1970s. Similar results were observed using COADs winter temperatures. The apparent minor offset between the sediment core and COADs temperature trends is most likely due to sediment mixing and dating uncertainty rather than Chesapeake temperatures lagging those of the broader north Atlantic atmosphere-ocean system, because instrumental records of Chesapeake temperatures show bay temperature trends are similar to oceanic COADS temperatures at monthly timescales over the past 20 years . Significantly, these regional oceanic temperature trends appear to reflect broad twentieth century oceanic SST patterns occurring at decadal timescales in the western North Atlantic Ocean [Deser and Blackmon, 1993] .
Carbon Isotopes
[22] Carbon isotopic ratios in estuarine water and sediments are controlled by the source of the organic carbon, which is influenced largely from the mixing of lighter ($À26%) terrestrially derived organic matter and heavier ($20%) marine organic matter. These carbon sources influence the composition of the dissolved inorganic carbon (DIC) taken up by foraminifera during shell growth. In addition, within Chesapeake Bay a covariance exists between the d 13 C of water and salinity. Specifically, there is a gradient from more negative d 13 C water values in lower salinity in the north to more positive values in the south, which reflects the influence of high terrestrial carbon influx from the freshwater sources [Spiker, 1978; Bratton et al., 2003b] . In this sense, the d 13 C of benthic foraminifera can be used as an indirect proxy for salinity
[23] However, as shown by Spiker [1978] for Chesapeake Bay and Thomas et al. [2000] for Long Island Sound, other geochemical processes operating within the estuary can also influence the carbon isotopic composition of the DIC available to foraminifera for shell secretion. The two most important processes are primary productivity, which leads to higher isotopic values when productivity is high, and oxidation of organic matter in the water column or near the bay bottom, which leads to lower values [Anderson and Arthur, 1983; Thomas et al., 2000] . These processes, especially oxidation in the deep channel of Chesapeake Bay where seasonal hypoxia has occurred for at least a century [Zimmerman and Canuel, 2000 ; Cronin and Vann, 2003], might account for temporal patterns in d 13 C foram that do not seem to vary in association with salinity.
[24] Carbon derived from different types of terrestrial plants can also be a source of variability; C 3 plants (trees shrubs) usually have lower d
13 C than C 4 plants (e.g., grasses). Similarly, marsh plants and submerged aquatic grasses living along the margins of Chesapeake Bay have relatively high carbon isotopic values. However, Bratton et al. [2003b] concluded from a study of carbon isotopes in Chesapeake Bay sediments that neither terrestrial plant type nor coastal marsh and sea grass sources had an appreciable influence on d 13 C trends obtained from fine-grained sediments deposited in deeper regions of Chesapeake Bay where our cores were taken and Elphidium lives. Elphidium is also known to have photosynthetic endosymbionts living in its shell, but it is not clear if these influence the Chesapeake foraminiferal carbon isotope composition.
[25] Two other factors can influence the d
13
C values on benthic foraminifers: vital effects and microhabitat effects. Vital effects in d 13 C foram are caused by either metabolic processes (i.e., algal or bacterial symbionts living in the foraminifera [Romanek et al., 1992] ) or kinetic processes, related to how fast the organism secretes its shell. Microhabitat effects involve differences in the isotopic composition of DIC in bottom water versus sediment pore water. Chandler et al. [1996] found a strong microhabitat effect in experimentally cultured Ammonia from the Gulf of Mexico with the d 13 C foram varying significantly for shells by individuals living epifaunally (in bottom water) versus those living infaunally (in pore water).
[26] Owing to these complex, partially understood processes, we did not develop a quantitative relationship between d 13 C foram and specific environmental parameters. Although in situ productivity and terrestrial carbon influx are certainly important over seasonal [Canuel, 2001] and centennial times because of postcolonial land clearance [Bratton et al., 2003b] , the similarity of decadal patterns for foraminiferal carbon and oxygen isotopes presented below indicate that for certain periods during the Holocene, d
13 C foram patterns are correlated at least in part with salinity.
Multivariate Calibration
[27] In addition to the d
18
O-salinity and Mg/Ca-temperature calibrations, we also used a multivariate approach to calibrate the three geochemical proxies to climate indices because multiple factors such as ecology, taphonomy, and vital effects can introduce varying degrees of uncertainty into any single proxy record. We first interpolated the isotope and Mg/Ca data onto an annual timescale, and then smoothed decadally. We applied a high-pass filter to the d 13 C data to remove variations on timescales longer than 40 years, because low-frequency changes in d
13
C may reflect changes in sedimentation, human agricultural influences, and other nonclimatic influences of the carbon budget.
[28] We then performed a multivariate calibration of the three smoothed predictors against various target instrumental records (also smoothed decadally). These included (1) summer (JJA) Palmer Drought Severity Index (PDSI), a robust indicator of precipitation, for the nearest grid box (centered 39°N, 77.5°W) and (2) warm season (April -September) and (3) cold season (October -March) temperature for the nearest grid box (37.5°N, 77.5°W). PSDI and temperature data come from Cook et al. [1999] (see http://www.ncdc.noaa.gov/ paleo/pdsi.html) and Jones et al. [1999] (see http:// www.cru.uea.ac.uk/cru/data/temperature/), respectively.
[29] Atmospheric temperature data were available from 1854 to 1993 and PDSI drought data from 1895 to 1995, and we attempted various calibration/cross-verification experiments, performing the multivariate regression over one subperiod, and testing the skill of the resulting reconstruction using the independent period. There was no skillful reconstruction found for temperature, perhaps because the temperature signal in the Mg/Ca is seasonal in nature, and maybe not well captured by either the cold season or warm season half year. Conversely, there is a remarkably skillful drought reconstruction and we settled on a 1928-1995 calibration period, and a verification period of 1895-1927. The latter is the same cross-verification interval used by Cook et al. [1999] in his (1895 -1980) tree ring based reconstructions of summer PDSI for the same grid box. The calibration cross-verification statistics are summarized in Table 2 .
[30] The regression model gives partial normalized regression coefficients as follows: Mg/Ca: 0.31, d
13 C: 0.67 and d Cook et al. [1999] and Chesapeake Bay multivariate climate reconstruction (dashed line). Tree ring and Chesapeake reconstructions are compared during the period of overlap back to A.D. 1680. Note many of the individual decadal peaks are in common in the two reconstructions; the primary difference is that the Chesapeake reconstruction shows more lowfrequency variability, perhaps because the tree ring data were conservatively detrended and do not retain low-frequency variability. Two prominent droughts near 1790s and 1870s may signify large El Niño events. [31] These calibration and verification results are presented in Figure 5c , along with a comparison of the Chesapeake reconstruction with Cook's PDSI back to 1680. Results suggest that, despite uncertainty in the individual proxy calibrations due to multiple factors influencing isotope and Mg/Ca values and possible nonsynchroneity of foraminiferal and ostracode shell secretion, the multivariate reconstruction provides a robust climate signal that can be verified using independent climate and paleoclimate data. The isotope-based reconstruction seems to indicate greater decadal variability in drought over the past few centuries than would be inferred from the Cook et al. [1999] tree ring -based reconstructions. One interpretation of this finding is that the conservative standardization of tree ring chronologies underestimates the amplitude of decadal and multidecadal drought changes. In any case, these findings underscore the usefulness of employing various alternative proxy estimates of past changes in climate variables such as continental drought.
Results

Stable Isotope Curves
[32] Figure 6 shows the d 18 O foram and d
13
C foram values from RD/2209 and PC-6B and PC-2B from Pocomoke Sound plotted against core depth indicating radiocarbon age-control points. The results show that early Holocene (900-1650 cm core depth) d
18 O values vary in a narrow range from À1 to 0% and d
13 C values become progressively more positive (from À3.5 ± 0.5% to À1.5 ± 0.5%) in the same interval. Late Holocene d toward more negative values up core, with the carbon isotope trend being more notable. Short-term excursions in both carbon and oxygen isotopes are superimposed on long-term trends (see below). Pocomoke Sound records PC-6B and PC-2B of the past 500 and $150 years, respectively, show that, with some exceptions especially at PC-6B, carbon and oxygen excursions occur in phase with one another over decadal and multidecadal timescales. These results confirm our hypothesis that both isotopes are being influenced largely by river discharge and salinity-related processes.
[33] Comparison of mean d
18
O foram and d 13 C foram values for cores RD/2209, PC-6B, and PC-2B also illustrates the likelihood that salinity is the dominant control over the isotope record because the latitudinal and vertical salinity gradients that result from the bay's circulation should be reflected in the isotope record. Other factors being equal, one would expect more negative values in more proximal (less saline, closer to freshwater inflow), and in shallower locations (less dense low salinity water) and more positive values in distal and deeper water sites (Figure 2 ). Mean d
18 O foram values for sediments deposited during the last $500 years in RD/2209 and PC-6B, and for the $100-200 years for PC-2B are À1.73%, À1.20%, and À1.61%, respectively. Comparable d 13 C foram values are À4.07%, À3.0%, and À3.3%. As expected, mean values for RD/ 2209 from the northern bay are more negative than those for PC-2B and PC-6B, located in the southern bay, closer to the source of marine waters. Similarly, within Pocomoke Sound, PC-2B, taken at 7.9 m water depth closer the mouth of the Pocomoke River, has more negative values than those at PC-6B, located more distally at 15.3 meters depth. These relationships also hold true if one compares mean values for those intervals representing the past 2 centuries (the entire 484 cm at PC-2B and the uppermost 300 cm at PC-6B).
Patterns of Holocene Salinity and Temperature
[34] The paleosalinity and paleotemperature reconstructions using the calibrations derived above are plotted against age in Figure 7 . The salinity record comes from core RD/ 2209; the temperature record combines the late Holocene record from , with the early Holocene record from core RD/2209. The data indicate that mean early Holocene paleosalinity was 28 ppt at this site, falling to 20 ppt during the late Holocene, a greater than 25% decrease during the Holocene. For comparison, modern mean annual salinity at depths of 21 -26 m during 1984 -2001 at Chesapeake Bay monitoring station CB3.3 near the RD/2209 core site is $17 ppt indicating modern salinity is nearly 40% lower than during the early Holocene. In addition to multidecadal salinity oscillations, rapid stepwise drops in mean salinity are seen at $6500-6400 years B.P. and at $1100-800 years B.P.
[35] Early Holocene Mg/Ca temperatures varied in a relatively narrow range of 13°to 16°C (Mg/Ca ratios = 20 À >30 mmol/mol) with a mean temperature of 14.2°C, with a few excursions over 20°C. Temperatures during the late Holocene were, on average, lower (mean temperature = 12.8°C), but temperatures exceeding 14.6°C (Mg/Ca = 30 mmol/mol) are common during the Medieval Warm Period (we refer to the MWP as the interval $1200-600 years B.P. [see ) and the last century.
Early Holocene Decadal Variability
[36] Owing to high accumulation rates, core RD/2209 offers an opportunity to examine decadal-scale climate variability during the early Holocene thermal maximum. Figure 8 shows three-point moving averages of d 18 O foram revealing evidence for eleven positive oxygen isotope excursions between 1400 and 1620 cm, an interval representing approximately 400 years about 7000 years B.P. Most of these isotopic events correspond to positive (warmer) Mg/Ca excursions, although the magnitude and timing of peak isotopic and Mg/Ca values do not always coincide with one another. Nonetheless, these results suggest that during the early Holocene, relatively warm conditions often coincided with wet periods over decadal (30 -40 years) timescales.
Spectral Analyses
[37] Spectral analyses were performed on the carbon, oxygen, and Mg/Ca data from the early and late Holocene intervals ( Figure 9 ). The series were first low-passed at f = 0.1 cycle/year and decimated to yield uniform decadal time spacing. Spectra were computed using the multiple taper approach, employing the method of Mann and Lees [1996] to estimate statistical significance of peaks (median, 90%, 95%, and 99%) relative to a red noise null hypothesis. Spectra are shown for frequencies <0.05 cycle year (>20-year period) owing to the decadal low pass; the multitaper spectrum (and median, 90%, 95%, and 99% confidence levels based on red noise assumption) for each series (frequency is in cycles/5 years). The bandwidth used for the latter is twice that for the former, owing to the roughly double length of the available series. The spectral analyses indicate that for all three proxies there is a tendency for significant multidecadal variability in the 40-to 80-year timescale during the early Holocene and a shift toward shorter, roughly bidecadal (20 -30 years) variability during the late Holocene. Interestingly, a tendency for enhanced variability in the North Atlantic region is found at both of these timescales in proxy data spanning the past few centuries [Mann et al., 1995] , favoring the interpretation that the spectral features detected in the Chesapeake Bay isotope series may indeed reflect a regional expression of largerscale climate processes related to the NAO and coupled ocean-atmosphere processes in the North Atlantic.
[38] Spectral coherences between each pair of proxies (based on multitaper spectral analysis) show some consistent (i.e., similar for both early and late intervals) evidence for coherent peaks at decadal through multidecadal timescales, and little coherence at secular timescales [see Mann and Park, 1993] . We thus resist the temptation to interpret the lowest-frequency (multicentury) attributes of the time series.
Comparison to Low-and High-Latitude Records
[39] It is instructive to compare the Holocene midlatitude climatic record from Chesapeake Bay with those from low and high latitudes of the North Atlantic region. One important decadal-scale paleoclimate record is titanium flux in sediments from the Cariaco Basin, which is interpreted by Haug et al. [2001] to signify variability in Orinoco River discharge due to short-and long-term migrations of the Intertropical Convergence Zone (ITCZ) during the late glacial and Holocene. A comparison of the broad-scale features of the Cariaco Basin and Chesapeake Figure 7 . Comparison of paleosalinity from foraminiferal oxygen and carbon isotopes and Mg/Cabased paleotemperature based on ostracode Mg/Ca relationships in Figures 3 and 4 . Late Holocene record is a composite temperature record from three cores given by . Age model is based on radiocarbon dates given in Table 1 , discussed in text.
Bay records indicates that the nature of Holocene climate change was quite different between the tropics and the midlatitudes (Figure 10 ). The Cariaco record shows that the tropics were relatively wet during the early Holocene thermal maximum, while the mid-Atlantic region of the eastern United States was extremely dry (higher salinity) at this time. Conversely, the tropics became progressively drier during the late Holocene, whereas the midlatitudes became substantially wetter (lower salinity).
[40] Although it is not possible to compare individual decadal events because of the limits of the chronology, both records show evidence for multidecadal climate variability during the early and late Holocene. Moreover, large Cariaco titanium excursions during the Medieval Warm Period centered at $1000 and 600 years B.P. indicate a shift toward wetter conditions at the same time the mid-Atlantic became much drier. Similarly, at least two major events punctuate the Little Ice Age between 500 and 100 years B.P. when the tropics and midlatitudes became drier and wetter, respectively. Thus the anticorrelation between precipitation patterns in the two regions holds at both millennial and centennial scales.
[41] Another climate time series is the Irish speleothem isotope record, which is influenced by regional atmospheric temperatures in the northeast Atlantic in addition to other factors such as the isotopic composition of precipitation and drip water [McDermott et al., 1999] . For the early Holocene, the speleothem and Chesapeake records do not show obvious similarities, except in the general sense that mean temperatures were at times relatively high in both regions (Figure 11) . A better correspondence is seen during the late Holocene when . Early and late Holocene spectral peaks for carbon, oxygen, and Mg/Ca data. Spectra are shown for frequencies <0.05 cycle per year (>20-year period) owing to the decadal low pass, the multitaper spectrum (and median, 90%, 95%, and 99% confidence levels based on red noise assumption) for each series (frequency is in cycles/5 years). The bandwidth used for the latter is twice that for the former, owing to the roughly double length of the available series. Bold italicized peaks are significant at 99% level; standard type peaks at 95%. The X axis shows frequencies based on the convention that f = 0.5 is a 10-year period and f = 0.05 is a 100-year period.
relatively warm conditions existed $1200 -1000 years B.P. and during cool conditions at least twice during the Little Ice Age centered at 500 and 300 years B.P.
Discussion
[42] On the basis of the Cariaco Basin record of inferred precipitation and wind-driven upwelling, Haug et al. [2001] proposed that during the early Holocene thermal maximum, trade winds were relatively weaker and the ITCZ was in a more southerly position than during the late Holocene. Our stable isotope records suggest that the early Holocene ($7000 years B.P.) in the mid-Atlantic was significantly drier than during the late Holocene and thus support this hypothesis. Assuming the modern relationships between NAO-atmospheric and oceanic processes apply, such an 
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early Holocene climate would be analogous to a persistent negative phase of the NAO manifested in weakened westerlies, decreased precipitation and fewer storm tracks along eastern North America. However, despite lower mean early Holocene precipitation in midlatitudes, the Chesapeake record indicates that decadal-scale variability was nonetheless prominent during the early Holocene in this part of the North Atlantic region. Similar modes of variability are also evident from well-dated lake records from New York [Kirby et al., 2002] and Greenland [Willemse and Törnqvist, 1999] , and Irish speleothems [McDermott et al., 1999] . Thus one could argue that these reflect similar basin-wide climate processes during the early Holocene.
[43] Numerous paleoclimate records suggest that the midHolocene was a time of significant climate change in many parts of the world. In the Chesapeake Bay region, we Figure 11 . Comparison of Chesapeake Mg/Ca paleotemperature record with Irish speleothem record [McDermott et al., 1999] . Speleothem isotopes are mainly influenced by temperature. Curves are threepoint moving averages. observe a shift toward wetter conditions, while drier conditions developed in the tropics. As discussed above, this suggests that the western North Atlantic region also experienced major changes at millennial timescales. The most significant was a shift toward stronger trade winds and westerlies during the last few millennia.
[44] A complicating factor is the unknown contribution of ENSO to the mid-Atlantic paleoclimate record. It is plausible that the well-established shift in the strength and frequency of ENSO events sometime between 5000 and 3000 years B.P. [e.g., Rodbell et al., 1999; Clement et al., 2000; Sandweiss et al., 2001 ] may have affected extratropical regions in North American, as argued by Rittenour et al. [2000] and Menking and Anderson [2003] , among others. We cannot evaluate this possibility until additional Holocene records become available, but at least in the modern system, ENSO is less important that the NAO in the North Atlantic region [Cassou and Terray, 2001; Hurrell et al., 2003] .
[45] In addition to Holocene millennial-scale climate change, our results have bearing on the evolution of multidecadal NAO processes during the Holocene. It is well established that atmospheric processes drive oceanic SST over the North Atlantic over subdecadal timescales with no clear periodicity [see Wunsch, 1999; Czaja et al., 2003] . Oceanic feedbacks, including meridional overturning circulation occurring over multidecadal timescales, might also influence the long-term behavior of the NAO [Dickson et al., 1996; Hurrell and Dickson, 2004; Marshall et al., 2001; Visbeck et al., 2003] . While the exact mechanisms are complex and beyond the scope of this paper [see Latif, 1998; Eden and Willebrandt, 2001; Hurrell et al., 2003; Visbeck et al., 2003] , these feedbacks might be manifested in quasiperiodic oscillations in temperature and precipitation similar to the those observed in Chesapeake Bay and elsewhere [e.g., Mann et al., 1995] . In fact, multidecadal to centennial temperature oscillations such as those observed here have been simulated as a response to solar forcing during Little Ice Age cooling that characterized the seventeenth century Maunder Minimum [Cubasch et al., 1997; Shindell et al., 2001; Waple et al., 2002] . If Holocene regional anomalies in eastern North America are confirmed by additional paleorecords as manifestations of larger-scale precipitation and oceanic anomalies, then we can hypothesize that low-frequency climate variability might be an inherent characteristic of the North Atlantic during the Holocene. Oscillations in Chesapeake Bay temperature are particularly noteworthy if they are caused by temperature anomalies in oceanic source water linked to NAO forcing of SSTs in the western North Atlantic .
[46] Finally, important questions remain regarding whether the unprecedented positive NAO values of the last few decades are related to anthropogenic forcing [Hurrell, 1995; Gillett et al., 2003] . The evidence presented here suggests that oxygen, carbon and Mg/Ca excursions during the last century are among the most extreme in the Holocene. Similarly, Cook [2003] concluded that twentieth century NAO behavior is unusual though not necessarily unique based on comparisons with tree ring records of NAO variability in eastern North American and Europe going back to A.D. 1400. There is consequently a need for integrated paleoclimate reconstructions in regions sensitive to NAO forcing.
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